The bacterial strains and plasmids used in this study are listed in Tables 1 and 2 respectively and  96 primers are listed in Table 3 . S. aureus strains were grown at 37 o C in Tryptic soy broth medium 97 (TSB; Difco) or on Tryptic soy agar (TSA; Difco) supplemented with appropriate antibiotics 98 when required (erythromycin 10 µg/ml, chloramphenicol 10 µg/ml or tetracycline 5 µg/ml; 
Construction of S. aureus strains 106
S. aureus strain LH607, a protein A-deficient mutant in which the spa gene was inactivated by 107 insertion of a tetracycline cassette (S. Foster), was used to transduce the mutation to COL using 108 phage 80α (23) , resulting in strain COL spa -. To construct S. aureus ∆mgt, ∆sgtA and ∆mgt∆sgtA 109 null mutants we amplified 1Kb DNA fragments from S. aureus COL genomic DNA 110 corresponding to the upstream (primers MGT-P1 and MGT-P2 for MGT, primers SgtA-P1 and7 plasmids p∆mgt and p∆sgtA. The plasmids were sequenced and introduced into RN4220 by 117 electroporation (35) . Following electroporation the plasmids were transduced using phage 80α to 118 NCTC and COL spa -strains using a previously described method (23) . Insertion and excision of 119 p∆mgt or p∆sgtA into the chromosome was performed as previously described (2) , resulting in 120 strains NCTC∆mgt, NCTC∆sgtA, COL∆mgt and COL∆sgtA. The double null mutant strains, 121
NCTC∆mgt∆sgtA and COL∆mgt∆sgtA, were created by transducing the plasmid p∆sgtA to 122 strains NCTC∆mgt and COL∆mgt respectively, followed by excision of sgtA. Deletion of the 123 target genes was verified by PCR and Southern blotting. The point mutation in the TGase domain 124 PBP2 (Glu114Gln) was transduced from COLTG42 (25) to NCTC, NCTC∆mgt, NCTC∆sgtA, 125
NCTC∆mgt∆sgtA, COL spa -, COL∆mgt, COL∆sgtA and COL∆mgt∆sgtA strains using phage 126 80α, and the mutation in the resulting strains was verified by PCR and digest as previously 127 described (25) . Growth of strains with pbp2 under the control of the IPTG-inducible promoter P spac was tested on 143 solid medium using TSA plates supplemented with appropriate antibiotics (10 µg/ml 144 erythromycin, 10 µg/ml chloramphenicol) in the presence and absence of 0.5 mM IPTG. The 145 same strains were grown in liquid culture, in TSB supplemented with appropriate antibiotics and 146 0.5 mM IPTG, overnight at 37 o C. The cells were harvested the following day and washed three 147 times with fresh TSB lacking IPTG. These cells were then used to inoculate media with and 148 without IPTG, cultures were incubated at 37 o C with agitation and the OD 600 was followed. After 149 4 hours, the cultures were diluted to an OD 600 of approximately 0.1 into fresh medium either with 150 or without IPTG and growth was monitored for a further 8 hours. 151
Cloning, expression and purification of His-PBP2 153
A truncated pbp2 gene, excluding the first 174 base pairs, was amplified from S. aureus COL 154 genomic DNA by PCR using primers PBP2P39N and PBP2P40B. The PCR fragment was cloned 155 into the expression vector pET28a (Novagen), with NheI and BamHI. The resulting plasmid, 156 pETPBP2t, was introduced into E. coli BL21 (DE3) for expression of His 6 -PBP2 lacking its N-157 terminal cytoplasmic region (M1-R30) and transmembrane region (T31-Y57). Cultures were 158 incubated at 37ºC until O.D 600nm of 0.6 and protein expression was induced with 1 mM IPTG for 159 7 h at 30ºC. Cells were harvested, resuspended in Buffer T (20mM Tris-HCl (pH 8)) containing 160 150 mM NaCl and complete-EDTA-free protease inhibitors (Roche), and broken in a French 161 press at 16,000 pounds/square inch. After centrifugation at 48,000g and SDS-PAGE analysis of 162 cell extracts, the protein was found to be present in the pellet. The TLC plates were exposed to a storage phosphor screen (GE Healthcare) for 16 hours and 222 images were revealed using a Typhoon Trio + imager. Images were analysed using Image Quant 223 TL software (GE Healthcare). 224
225

Bacterial two-hybrid assays 226
To construct the plasmids for bacterial two hybrid assays, mgt, sgtA, pbp1, pbp2, pbp3, pbpD, 227 and mecA genes were amplified from S. aureus COL genomic DNA using Phusion DNA 228 polymerase (Fermentas) and primers with the prefix BTH listed in Table 3 . The resulting PCR 229 products were fused in-frame to the 3' end of the cyaA gene fragments in the plasmids pUT18C 230 and pKT25. The pbpD gene however was fused to the 5' end of the cyaA gene in plasmids 231 pUT18 and pKNT25 as the mature protein it encodes, PBP4, has an amphipathic C-terminal 232 helix, unlike the other membrane-associated proteins used here which have an N-terminal 233 membrane anchor following a short cytoplasmic tail. Combinations of the constructs were used to 234 co-transform the reporter strain E. coli BTH101 (cya 12 on MacConkey agar containing the same antibiotics and supplemented with 1% Maltose. The β-237 galactosidase activity in E. coli cells containing the bacterial two hybrid plasmids was measured 238 in cell extracts from liquid culture essentially as previously described (16) . Activity is expressed 239 in Miller units as described (22) Lipid II showed that the protein catalysed glycan chain polymerisation in vitro (Figure 2; lane 2) . 298 Purified MGT has previously been shown to display optimal in vitro transglycosylase activity in 299 the presence of MnCl 2 (32) , and this activity was comparable to that of S. aureus PBP2 (4) . 300
Comparison of the two Mgts, in the best conditions found for His-SgtA, shows that His-SgtA 301 (25) . Accordingly COLTG42spa and the 318 double mutant COLTG42∆sgtA strains both showed drastically reduced MICs to both oxacillin 319 (10 to 16-fold) and flavomycin (10-fold) (Figure 3) . Surprisingly, the Mgt mutant strains 320
COL∆mgt and COL∆sgtA showed no reduction in resistance to oxacillin ( Figure 3A) . The fact 321 that lack of PBP2 TGase activity results in reduced oxacillin MIC while lack of MGT TGase 322 activity has no effect on oxacillin MIC indicates that although MGT can substitute for PBP2 in 323 terms of cell viability, it cannot do so in terms of β-lactam resistance. 324
Strains COL∆sgtA and COL∆mgt∆sgtA showed a very mild (1.6-fold) reduction in resistance to 325 flavomycin ( Figure 3B ) while the COL∆mgt strain had an MIC like the wild-type strain. As the 326
Mgt double mutant strain COL∆mgt∆sgtA is growing using PBP2 as the sole transglycosylase, 327 these results suggest that PBP2 can function in the presence of (low concentrations of) 328 flavomycin. However in the absence of PBP2 the effect of flavomycin upon the Mgts becomes 329 apparent, resulting in a 10-fold decrease in MIC, showing that Mgts are exquisitely sensitive to 330 this TGase inhibitor. 331
In the bacterial two-hybrid screen, MGT was found to interact with itself, SgtA, PBP1, PBP2, 342 and PBP2A. Transformants producing interacting fusion proteins formed blues colonies on LB-343
XGal-IPTG plates ( Figure 4A) , and the levels of β-galactosidase activity in permeabilised cells 344 were 7-10-fold higher than those measured in the negative controls or in cells expressing non-345 interacting fusion pairs ( Figure 4A ). These results suggest that MGT interacts specifically with 346 the other monofunctional transglycosylase in S. aureus, SgtA, with PBP2, which also has 347 transglycosylase activity, as well as with PBP1 and PBP2A, both of which are involved in 348 peptidoglycan synthesis. MGT was also seen to interact strongly with itself in the BTH assay 349 suggesting that its biologically active form may be a dimer or multimer within the cell. 
